Abstract Aging leads to a loss of thermoregulation that can be readily monitored in laboratory mice. However, it is unclear from previous studies-we provide a tabular summary of 15 articles-whether significant loss occurs by midlife (∼15 months of age). In this study, we examined 34 females from 22 LSXSS strains starting at 4 and 8 months of age (17 mice per age group). We used transponders inserted just under the loose skin of the pelt and calibrated against rectal body temperature to measure temperatures quickly without restraint. We found that the mean body temperatures measured 5 months later (9 and 13 months of age) had dropped significantly below normal in both groups: 0.6ºC lower in the younger cohort and 1.0ºC lower in the older cohort. These drops were not associated with weight loss or signs of pathology. Notably, the loss of thermoregulation between 8 and 13 months of age also exhibited genetic variation that was highly significant (P=0.004). Such variation is potentially a powerful tool for determining the cause of thermoregulatory loss with age and whether this loss predicts senescence changes later in life, including the force of mortality.
Introduction
Thermoregulation is an important component of homeostasis in mammals, responsible in humans and in mice for maintaining mean body temperature at 37ºC. This regulation is achieved by the integration of neuronal processes to sense temperature change, hormonal processes to signal multiple organs, metabolic processes in muscle, fat, and liver to adjust heat production, and glandular, pulmonary, and vascular processes to adjust heat loss (Aniansson et al. 1986; Lauria et al. 1999; Van Someren et al. 2002; Passlick-Deetjen and Bedenbender-Stoll 2005) . This intricate system is undoubtedly responsible for the great success of mammalian adaptability to various climates; however, such integration and complexity makes it challenging to identify the root cause of impaired thermoregulation.
Impaired thermoregulation is one of the hallmarks of senescence in mammals (Reynolds et al. 1985; Florez-Duquet and McDonald 1998; Moran and Mendal 2002; Degroot and Kenney 2006; Van Someren 2007) , and the consequences can be serious: Human epidemiological studies indicate that most deaths due to hyperthermia and hypothermia occur in the elderly (Bai et al. 1995) . The elderly also exhibit an attenuated ability to thermoregulate in the absence of extreme temperatures (Reynolds et al. 1985; Degroot and Kenney 2006) . Besides the question of what causes this loss of thermoregulation, it is also of interest to know whether this loss is a biomarker of normal aging (Ingram et al. 1982) .
To address these questions, it would be useful to determine the relative age at which loss of thermoregulation begins, and to this end, a number of studies have been conducted in mice and rats. As summarized in Table 1 , the findings have been quite variable. Part of this variability could be genetic; but even studies of the same strain, such as C57BL/ 6, have not yielded a consistent result, suggesting that much of the variation is environmental. This environmental variation could be related to experimental design: Almost all of the experiments were cross-sectional rather than longitudinal, and T b s were typically measured at only one time point under conditions of restraint.
In previous studies, we analyzed the T b s of foodrestricted mice from 22 LSXSS recombinant inbred strains and discovered a large amount of genetic variation (Rikke et al. 2003 . Here, we have analyzed the longitudinal data from our ad libitum fed control mice to ask if there was a significant drop in mean T b with age early in senescence and, if so, was there significant genetic variation in this drop. Our use of small, radiofrequency transponders allowed us to measure T b s quickly without restraint at multiple time points around the clock for multiple, consecutive days. In this manner, we were able to mitigate the effects of temporal variation and obtain measurements that reflect 24-h means.
Materials and methods
All mice were female LSXSS recombinant inbreds (RIs), derived from long sleep (LS) and short sleep (SS) outbred strains (Markel et al. 1996) . The LS and SS were created by selecting for differences in sedative-hypnotic sensitivity to ethanol starting from a heterogeneous stock of eight classical inbred strains. For traits not related to ethanol sensitivity, the strains are segregating randomly.
Females were used because this study was conducted as part of a larger study to measure genetic variation in the extension of female fertility by dietary restriction (results to be published). Previous studies have also suggested that females lose thermoregulatory ability with age just as males do (McLaren 1961; Estler 1971) . Previous studies also suggest that the potential effects of estrous are negligible: Estrous in female mice occurs every 5 to 6 days, and the impact on mean T b averaged over seven or more contiguous days would be less than 0.1°C (Weinert et al. 2004) .
Within each cohort, the mice were born within 1 week of each other . Cohort 1, consisting of 17 mice from 11 strains, comprised all of the longitudinally studied, ad libitum fed mice from cohort 2a of . Cohort 2, also 17 mice from 11 different strains, comprised all of the longitudinally studied, ad libitum fed mice from cohort 2b. In each cohort, five strains were represented by one mouse, and six strains were represented by two mice. Cohort 2 was 4 months younger than cohort 1 but otherwise studied concurrently under the same conditions in the same colony room.
The husbandry conditions have previously been described (Rikke et al. 2003 . In brief, the mice were singly housed in shoebox style cages in a specific pathogen-free facility. The mice were maintained under a 12-h light/dark cycle (lights on 7 A. M.) and given ad libitum access to food and water. Average room temperature was 23°C.
The T b s were measured using commercially available, passive, radio-telemetry transponders (Biomedic Data Systems, Seaford, DE) . Per the manufacturer's instructions, these rice grain size transponders, weighing ∼0.1 g, were inserted without anesthesia under a loose fold of dorsal skin using a syringe ). All procedures were approved by the University of Colorado's Institutional Animal Care and Use Committee.
The T b s were measured simultaneously in cohorts 1 and 2 during two temperature trials conducted 5 months apart. In the first trial, the T b s were measured every 4 h for seven consecutive days. In the second trial, the T b s were measured every 6 h for 10 days. A study of food-restricted mice, whose circadian pattern of T b is much more variable than that of ad libitum fed mice (Rikke et al. 2003 , indicated no appreciable difference in mean T b s calculated on the basis of 4-versus 6-h intervals . In both trials, T b was measured within seconds after disturbing the cage, and a headmounted red light was used at night to avoid turning on the room lights. Over the course of several days immediately after each trial, all transponders were calibrated (based on three to four readings) against rectal T b (Thermalert TH-5, 1.7-cm probe) ). The statistical analyses were conducted using SPSS for Windows 16.0.
Results
A longitudinal decrease in mean T b over 5 months was tested for simultaneously in two cohorts of mice that differed in age by 4 months. All 17 mice in the older cohort (cohort 1), assessed at 8 and then 13 months of age, exhibited a decrease in mean T b . The grand mean (average across all mice) decreased from 36.7°C to 35.7°C, a drop of 1.0°C that was extremely significant (P=1.0×10 −6 ; SE=0.13; paired In the younger group of 17 mice (cohort 2), assessed at 4 and then 9 months of age, all but one mouse exhibited a decrease in mean T b . The grand mean decreased from 36.9°C to 36.3°C, and this drop of 0.6°C was highly significant as well (P=0.003, SE=0.14, paired sample t test, two-tailed). The grand mean for BW increased slightly from 21.0 to 21.8 g (P=0.06; SE=0.40; paired sample t test, two-tailed).
The T b drops in cohort 1 exhibited a large amount of strain variation, ranging from 0.1°C to 2.2°C (Fig. 1) . This variation was much greater than the average variation within strain (n=6), and analysis of variance, which takes into account the small number of within-strain measures, indicated that the variation between strains was highly significant (P=0.004). This variation in T b drop was not predicted by the strain variation in mean T b that was present at 8 months of age (R=−0.35, P=0.30, two-tailed) nor was it strictly a function of the T b means at 13 months: The correlation coefficient of 0.58, though significant (P=0.03, one-tailed), indicated that the T b means explained only ∼34% (0.58 2 ) of the variance. We also asked whether this strain variation in T b drop correlated with change in BW. It did appear that the mouse with the largest drop in mean T b (2.2°C) also lost an unusual amount of weight (nearly 3 g). However, there was no correlation between T b drop and weight loss when this mouse was excluded (R= 0.19, P=0.24, one-tailed), justified on the basis of its being a 3.7-SD Cook's distance outlier for leverage effects on the correlation (SPSS 16.0). The average drop in mean T b with this mouse excluded decreased only slightly to 0.9°C, and this drop was still extremely significant (P=7.6×10 −7 ; SE=0.11; twotailed, paired sample t test). The variance between strains relative to the variance within strains remained highly significant as well (P=0.009, ANOVA). In cohort 2, the drop in mean T b among the 11 strains ranged from 0°C to 1.5°C. Although there was greater variation between strains relative to the variation within strains (n=6), the difference was not statistically significant (P=0.30, ANOVA; one-tailed). The variation between strains was not predicted by the variation in mean T b at 4 months of age (R=−0.31, P=0.35, two-tailed), and it was highly correlated with mean T b at 9 months (R=0.89, P=0.0001, one-tailed).
Discussion
Our first important finding is that the mice in both cohorts exhibited a highly significant drop in mean T b relatively early in senescence. This decline occurred in 33 out of 34 mice. The average decline in the younger cohort, assessed between 4 and 9 months of age, was 0.6°C (P=0.003), while the older cohort, Fig. 1 Strain variation in the T b drop between 8 and 13 months of age. Each bar represents the average decrease in mean T b (°C) for that strain; the error bars are SE. ANOVA indicated that the variation between strains relative to the variation within strains was highly significant (P=0.004) studied at the same time between 8 and 13 months of age, exhibited a larger drop of 1°C. The larger drop in the older cohort is consistent with an accelerated loss of thermoregulation due to aging.
Although several studies have previously suggested that rodents start losing their ability to thermoregulate early in senescence, many others have suggested that this is not the case (Table 1) . One of the main differences between our study and earlier studies is that we used a longitudinal design. To our knowledge, longitudinal studies of T b before 15 months of age in mice have only been conducted previously by Talan et al. (1985) and Talan and Engel (1986) and only on C57BL/6 males. In the Talan et al. (1985) study, consisting of nine mice, there was a nonsignificant but small decrease in the T b average, from 38.2°C to 38.0°C between 8 and 11 1/2 months of age. In the 1986 study, a cohort of ten mice showed a sharp drop in T b from about 38.6 to 37.2°C (∼1.4°C) between 12 and 14 months that reverted back to 38.5°C just 2 weeks later. In a second cohort of 19 mice, T b showed no decrease between 12 and 14 months and then a sharp drop from about 38.2°C to 36.5°C (∼1.7°C) just 2 weeks later.
In addition to the longitudinal design, our study is the only one in mice to measure T b s without restraint and do so at multiple time points around the clock and do so for multiple, consecutive days (at least seven). A similar design has also been used recently in a study of eight Brown Norway rats (Gordon 2008) . This study indicated no significant decrease in mean T b between 3 and 8 months of age and a surprising increase of 0.5°C between 8 and 24 months. The device used for monitoring T b was a relatively large (7 g), battery-powered radiotransmitter that was surgically implanted in the abdomen; these implants are generally not used for long-term studies, and the implants increased the incidence of intestinal tumors and mortality such that only two rats survived to 24 months.
Our second important finding is that the loss of thermoregulation between 8 and 13 months of age exhibited significant genetic variation (P= 0.004, ANOVA). A caveat is that our assessments were based on only one or two mice per strain. Nevertheless, the ANOVA was robust enough that when we excluded the strain showing the largest drop in mean T b (2.2°C), the genetic variation remained highly significant (P= 0.009). In addition, we obtained a total of 12 measures of variance within strain, a reasonable sample size that indicated that the average standard deviation (square root of the variance) was only 0.3°C. This small variance within strain is likely attributable to our having determined the mean T b of each mouse on the basis of more than 40 T b measurements collected around the clock for at least 7 days.
Another potential but unlikely confound is that the LSXSS strains are sickly and subject to very early pathology. We recently measured the lifespans of ILS, ISS, and more than 40 LXS RIs, which are similarly derived and very closely related to the LSXSS (Williams et al. 2004 ). All of the mean lifespans were within the normal range for inbred strains of 20-33 months (B. Rikke et al., unpublished) . We also measured whether the transponders shortened lifespan and found no effect (ANOVA, P=0.22, 598 mice with transponders, 275 cage mates with no transponder). Sickly mice also tend to exhibit weight loss, but the declines in mean T b that we observed, with the exception of the largest drop, were not associated with loss of BW.
It is remarkable that mean T b , being highly regulated, would exhibit a significant decline and significant genetic variation by just 13 months of age. Such changes, however, are consistent with the ultimate cause of senescence being a decline in the force of natural selection after the age of reproduction (reviewed by Finch 1990) , and wild mice in particular have less than a 10% chance of living beyond 13 months (Austad and Kristan 2003) . This declining force of natural selection and its effect on thermoregulation might be especially acute because of the inherent difficulty of maintaining a system whose functionality requires a high level of integration, perhaps similar to the decline in homeostatic complexity that characterizes old-age frailty in humans (Lipsitz, 2004) . Mice may also be especially susceptible to thermoregulatory loss because of their small size, which causes them to lose heat rapidly and makes room temperature much more of a cold stress than it is for larger animals. Consequently, a decline in mean T b prior to weight loss might be uniquely useful as a biomarker of aging in mice that is worth investigating further.
Several previous studies have found intriguing evidence that loss of thermoregulation in older mice (∼24 months or older) might be a biomarker of aging. A study of C57BL/6J, A/J, and C57BL/6×A/J F 1 s showed that the longer lived strains exhibited less decline in thermoregulatory ability by 25 months of age (Talan and Ingram 1986 ). Loss of thermoregulation also predicted lifespan within strain in a study by Reynolds et al. (1985) and predicted lower resistance to cold stress in studies by Finch et al. (1969) and Talan et al. (1985) .
On the other hand, the results of Conti et al. (2006) suggest that lower mean T b per se has life-extension benefits, and several long-lived mutant mice have lower mean T b s (Conti 2008) . It is important, therefore, to distinguish between an age-associated decline in thermoregulation and the possible benefits of lower T b per se . Separating these two effects poses a difficult challenge, but genetic variation can be a powerful tool for uncoupling traits that are intimately related (Rikke and Johnson 2007) . Our finding that the mean T b s in our older cohort were only modestly correlated with the drop in mean T b (R=0.58) suggests that it would be possible to identify variables that correlate more strongly with T b drop versus T b per se.
In conclusion, this study suggests that a large panel of RIs could be used to genetically dissect loss of thermoregulation due to aging in mice. Such studies could reveal whether this loss correlates temporarily with changes in temperature sensing, hormone signaling, heat production, or heat loss. In addition, it would be possible to map quantitative trait loci (QTLs) and test whether these loci affect one or more regulatory processes and whether they affect lifespan. QTLs of particular interest can be pursued using a combination of genetic, gene expression, and bioinformatic approaches to identify the underlying molecular pathways and genes (DiPetrillo et al. 2005; Drake et al. 2006; Li et al. 2006; Churchill 2007) . This system genetics approach is developing rapidly and promises to be a powerful means of identifying the molecular mechanisms underlying many complex traits. Genetic variation provides an important starting point.
